The authors of arXiv:1610.01533 have recently proposed a stronger version of the weak gravity conjecture (WGC), based on which they concluded that all those non-supersymmetric AdS vacua that can be embedded within a constistent theory of quantum gravity necessarily develop instabilities. In this paper we further elaborate on this proposal by arguing that the aforementioned instabilities have a perturbative nature and arise from the crucial interplay between the closed and the open string sectors of the theory.
Introduction
An important goal for string theory as a consistent theory of quantum gravity, is to understand and control the mechanism of dynamical supersymmetry breaking in order to produce stringy embeddings of low energy effective models that describe phenomena at the particle physics scale. These comprize gravitational vacuum solutions as well as local models for particle phenomenology. Focusing on the former ones, the understanding of supersymmetry breaking turns out to be a crucial ingredient when you want to construct dS vacua with a solid stringy origin. The existence of such vacua could be very relevant for cosmological applications, while non-supersymmetric AdS vacua, apart from being interesting per se, may have holographic relevance thanks to the AdS/CFT correspondence [1] .
If we for the moment neglect the possible use of thermal fluctuations and focus on physics at zero temperature, a candidate mechanism for describing supersymmetry breaking in an AdS vacuum was proposed in [2] , where spacetime-filling anti-branes are created through motions in the underlying brane system resulting in an additional metastable vacuum. From the viewpoint of the brane system, the above AdS 5 vacuum can be thought of as the near-horizon geometry of a thick extremal but non-BPS membrane obtained from a compactification of a stringy brane intersection involving spacetime-filling anti-branes.
Recently, in [3] , a stronger version of the weak gravity conjecture (WGC) was proposed according to which such extremal but non-BPS membranes are unstable with respect to nucleation of microscopic charged membranes. The immediate consequence is the instability of the corresponding AdS vacuum obtained by taking the membrane's near-horizon limit.
Moreover, this instability would even happen instantaneously due to an infinite redshift effect affecting near-horizon observers. Additional consequences of this conjecture for the landscape have been recently discussed in [4] .
In the present work we want to take a further step, and extend the results to any AdS vacuum regarded as a flux vacuum in string-or M-theory, rather than constructed through the use of branes. The key question is whether all AdS (flux) vacua may be thought of as arising by taking a near-horizon limit of a construction where the fluxes are supported by near-horizon limit of a Reissner-Nordström (RN) black hole. If this is true in general, one can use information concerning the (in)stability of the brane picture to answer questions about stability of the corresponding AdS vacua. In fact, with or without the WGC, it is well known, and generally expected, that the spacetime of non-extremal, and even exactly extremal RN black holes, suffers from instabilities. In case of non-extremal black holes the inner horizon is destroyed, while the extremal black hole has its coincident horizon demolished. The conclusion is that the wormholes in the interior of the black holes are closed up and there is no escape from the singularity out into a new universe.
The AdS in the near-horizon limit of an extremal black hole makes crucial use of the wormholes. This can be seen by following how the oscillatory motion of a freely falling observer goes back and forth through the horizon as shown in figure 2 . From the perspective of the brane picture only half an oscillation is visible in any given universe. The next half a period takes the freely falling observer through a wormhole and out into a new universe through a white hole. This spacetime structure must remain intact if one wants to have a long lasting AdS. This does not seem to be the case in general, since any field coupled to gravity at the horizon develops a perturbative instability [6] [7] [8] .
In the case of a supersymmetric AdS vacuum, the stability of the corresponding brane picture suggests that the instability present in the general case is no longer there. This can be presumably understood using the very special particle spectrum of the supersymmetric theory that makes sure that any dangerous build up of energy near the horizon is cancelled.
Interestingly, there are hints that suggest that non-supersymmetric AdS vacua are completely stable as long as one restricts to the closed string sector. As shown in some explicit examples [9] , the vacua turn out to be non-perturbatively stable and there is no tunneling to neighbouring vacua. At most one can have extremal domain walls (DW) separating different vauca, which, from the CFT point of view, correspond to renormalization group flows. From a calculational point of view these results are quite surprising.
We believe that this is part of a larger picture where all AdS vacua obtained from N = 8 SUGR are in fact non-perturbatively stable. This echoes the conjectures by Tom Banks who claimed long ago that AdS should be absolutely stable in a sensible theory of SUGR [10] .
So, what is then the status of N = 8 SUGR? According to [11] there is no limit that can be taken in string theory where all suprefluous states decouple and only N = 8 SUGR remains. There will always be some light states around that eventually bring you out of the theory. We believe that this could be exactly what the brane picture is all about. The AdS vacua obtained in the near-horizon limit can never forget their origin, and the instabilites generated through the WGC that force them to decay. The only way out would be if there is a different theory, without a brane picture, where the AdS is not obtained through such a limiting procedure. The candidate theory would be N = 8 SUGR that then would exist independent of any (nonexistent) limit of string theory.
The real question is whether such a theory can ever exist, which boils down to the well known question of the UV-finiteness of N = 8 SUGR. It is only, we claim, to the extent that N = 8 SUGR can stand on its own that holography can be true in an exact sense.
Alternatively, all AdS vacua are obtained through a limit of a brane picture, and holography -in the sense of mapping a CFT to AdS -turns out to be imperfect for non-supersymmetric systems.
An interplay between closed and open strings
We start out by reviewing the argument in [3] . First of all, the WGC in its original form states that, in a consistent theory of quantum gravity coupled to a U(1) gauge field, there needs to exist a fundamental particle whose mass m and charge q obey the bound
where M Pl denotes the Planck mass. This allows one to get of rid of all those would-be remnants given by macroscopic extremal black holes, by simply offering them a viable decay channel into light charged particles.
The sharpened version of the WGC proposed in [3] further states that the inequality (2.1) can only be saturated within a supersymmetric theory and if, furthermore, the particle in question is BPS. This conjecture was then used by the authors to conclude that any non-supersymmetric AdS vacuum emerging as near-horizon geometry of a non-BPS membrane will be unstable. Such an instability is associated with the possibility of nucleating microscopic charged membranes obeying the bound in (2.1) in a strict sense.
Note that this channel of instability gives the membrane a finite lifetime when viewed from afar. When we zoom in on the horizon, in order to adapt the point of view of an observer in AdS, such a process will occur instantaneously due to an infinite redshift effect. 2 In what follows we will argue that the membrane approach to AdS, which allows one to draw this rather universal conclusion, is completely general and corresponds to something physical rather than being merely a technical tool for the construction of AdS space in string theory. Moreover, we will see how the above instabilities naturally appear in this context at [12] for a more complete classification.
lower amount of supersymmetry were studied in [5] . An analogous construction is in principle possible in a non-supersymmetric set-up as well, though it involves further technical complications. We will refer to this approach as adopting the brane picture. In this context the focus is on the branes that source the fluxes supporting the AdS vacuum, which emerges when taking the NH limit. Sometimes, as is well explained in [5] , such brane backgrounds need special spacetime-filling branes due to charge conservation issues. However, it remains obscure how these branes will backreact on the geometry sourced by the rest of the brane system and we currently have no supergravity description thereof.
The second approach to the search for AdS vacua is that of flux compactifications, where one casts explicit truncation Ansätze on the 10D/11D fields and tries to stabilize all the modes corresponding to geometrical fluctuations of the specific background by means of fluxes threading internal space. Such fluxes induce a potential for the aforementioned modes and in some cases lead to full moduli stabilization (see e.g. [13] ). In this picture, fluxes are assumed to be "God-given", in the sense that the branes which are supposed to dynamically generate them do not play any role. In some specific flux backgrounds, non-trivial flux tadpoles (i.e. certain quadratic combinations of fluxes) are generated and need to be cancelled for consistency by explicitly adding spacetime-filling branes to take care of charge conservation.
We will refer to this approach as adopting the flux picture.
Brane Picture
Near Horizon * * Flux Picture DW from wrapped branes Note that in both descriptions one has access to the same AdS vacuum though it turns out to be extremely complicated to study the backreaction of the spacetime-filling branes on the background AdS geometry. Here we argue that this phenomenon, which may not be neglected in a consistent quantum gravity treatment, is the crucial origin of the universal instabilities of non-supersymmetric AdS vacua discussed in [3] .
The brane picture and universal instabilities
Let us now consider the extremal RN black hole solution in the 4D Einstein-Maxwell theory.
The metric and the gauge field read
(2.2)
In the NH limit (i.e. when taking r → Q), the above metric behaves as AdS 2 × S 2 . This tells us that, by adopting the brane picture, the RN solution can be seen as a 0-brane solution whose NH limit gives rise to an AdS 2 vacuum of the theory supported by anF (2) flux wrapping S 2 , which is associated with * 4 (dA (1) ). Solving the geodesic equations we find a motion described by
where τ denotes proper time for a free-falling observer, y ≡ (r − Q), and α is a constant.
The condition y In refs [6] [7] [8] the NH AdS 2 × S 2 geometry was shown to be unstable w.r.t. perturbations associated with a charged scalar field (both massless & massive). The analysis can be done perturbatively at a classical level and the resulting instability agrees with the intuition that such a background should develop perturbations that create a trapped surface, which, according to the singularity theorems, results in a geodesically incomplete spacetime. This is well illustrated in figure 3 , where we show that the initial data surfaces for scalar fields in the extremal RN geometry are not complete.
The example of an initial data surface Σ 0 for a charged scalar field in the extremal RN geometry. It may be noted that these surfaces are universally incomplete [14] .
It is reasonable to expect that any consistent theory of quantum gravity would save us from the above disastrous conclusion that the system will develop a naked singularity. To understand how this puzzle can be resolved, we may view the above instability from the perspective of the KK reduction of 4D gravity on S 2 [15] , where this arises from taking the backreaction of matter into account. Following the argument in [16] , this instability of the NH geometry implies an instability of the extremal RN black hole through Schwinger pair production. This way of reasoning is fully consistent with [3] , since these particle/antiparticle pairs must be microscopic (in the sense that they violate the BPS bound). Moreover, they represent a channel of non-perturbative instability for our "0-brane solution", and this in turn leads to a perturbative instability of the corresponding AdS 2 vacuum due to an infinite redshift effect at the horizon that effectively shrinks its lifetime to zero. Interestingly, it was observed in [6] that the instability of the extremal RN black hole may be captured within the NH limit thanks to the crucial coupling between gravitational and electromagnetic perturbations.
Motivated by this 4D example, we will now discuss the origin of this type of instability in the case of stringy brane constructions giving rise to higher-dimensional AdS space. Going back to the generic situation in the brane picture, all the branes in the upper line of figure 1 (i.e. those ones which are not spacetime-filling!) do give rise to a supersymmetric brane configuration. Now, depending on the different cases, the addition of spacetime-filling branes (lower line in figure 1 ) might be required or not for consistency. In this way, one obtains a brane construction giving rise to a supersymmetric AdS vacuum in the NH limit. What needs to be discussed now is the supersymmetry breaking mechanism.
In ref.
[2], a concrete mechanism for dynamical supersymmetry breaking was proposed when considering a special type IIA setting involving NS5-branes and D4-branes. The construction is based on the possibility of performing a Higgs branch movement consisting in tilting one stack of NS5-branes w.r.t. a neighboring one. Subsequently, one acts with a Seiberg duality [17] that exchanges two consecutive NS5 stacks that are mutually tilted. This results in a net creation of D4-branes and describes a supersymmetry breaking mechanism, which is interpreted in the dual field theory as turning on mesonic vev's.
The reason why this new non-supersymmetric brane configuration is metastable is due to the fact that the created D4's are separated in space from the D4 stack, and brane/anti-brane annihilation will only occur at a non-perturbative level through nucleation of microscopic NS5
bubbles. However, when reaching the conformal fixed point by letting the NS5 stacks collide, the D4's & D4's will now sit on top of each other and hence will annihilate perturbatively.
It is important to note that such a perturbative decay channel crucially needs the exchange of open string degrees of freedom which become tachyonic. If one restricts to the pure closed string sector, there will just be a static DW separating the non-supersymmetric vacuum and the supersymmetric one obtained after brane/anti-brane annihilation.
Exporting this intuition to a generic setting, we propose that the brane system realizing a certain class of flux backgrounds is universally independent of supersymmetry. In such a case, the difference between the brane construction underlying a supersymmetric and a non-supersymmetric AdS vacuum would only lie in the type of spacetime-filling sources which one adds to cancel the tadpoles. Sources carrying pure brane-charge correspond to a supersymmetric realization, while a mixture of sources carrying brane & anti-brane charge corresponds to a non-supersymmetric one. A conceptual picture of this idea is shown in 
Proposing an effective description
In the last subsection we have shown how the difference between supersymmetric and nonsupersymmetric brane systems giving rise to AdS vacua in the NH limit is related to the presence, in this latter case, of brane/anti-brane pairs probing the geometry sourced by the rest of the brane system. All of this, effectively looks like a non-BPS DW from the viewpoint of an effective D-dimensional gravity description.
In the limit where one neglects the interaction between spacetime-filling branes and the background, the relevant effective description is exactly given by a D-dimensional gauged supergravity theory where supersymmetric and non-supersymmetric AdS vacua are (possibly) separated by a static non-BPS DW. Within such a truncation, which corresponds to a restriction to the closed string excitations, one is led to the conclusion that no gravitational tunneling will occur and hence that the non-supersymmetric vacuum is non-perturbatively stable (see [9] for the details of the argument).
Adopting the completely opposite perspective of analyzing the dynamical evolution of a stack of N spacetime-filling branes, very important results may be obtained in the large N limit, i.e. when the influence of the above geometrical background on the open string degrees of freedom can be safely neglected. As an example of this, recently in [18] this avenue has
been pursued in order to analyze the polarization process of spacetime-filling branes.
Half-max. gauged supergravity
Closed String Open String Once again, both descriptions are interesting and relevant in a particular regime. However, the instabilities that we have discussed are crucial consequences of the coupling between the open and closed string sectors. We remind the reader that even in cases of AdS solutions obtained without need for local sources (see e.g. [19] ), it is inconsistent to neglect the effect of the open string sector when embedding the effective description at hand into its UV completion [11] .
As already argued, these instabilities arising within the brane picture from the nucleation of microscopic brane bubbles, do assume a perturbative character in the NH limit. We propose that such processes could be captured by an effective gauged supergravity model in D dimensions, where the universal sector describing closed string excitations is coupled to N extra vector multiplets describing the dynamical degrees of freedom localized on the spacetime-filling branes.
As an example, let us consider a string compactification on a T 10−D with fluxes supported by a single type of spacetime-filling sources. In this case the effective theory describing this would be a half-maximal gauged supergravity in D dimensions coupled to d + N vector multiplets, where N is the number of branes composing the stack. The corresponding situation can then be represented as in figure 5 . We plan to discuss the validity of this approach in a future work [20] within a concrete example where calculations at finite N can be performed in a precise way.
Discussion
In this paper we have investigated the issue of stability of non-supersymmetric AdS vacua admitting a consistent UV completion within string theory. Our approach was inspired by a stronger version of the WGC formulated in [3] , where it was further used to conclude that any non-supersymmetric membrane configuration in a qunatum theory of gravity will eventually decay through emission of microscopic, charged particles. The ultimate consequence of their proposal is that all non-supersymmetric AdS vacua that may be constructed in this way are unstable.
In this paper we have taken a further step in this direction, and spelled out a correspondence between the brane and the flux picture as two equivalent ways of constructing AdS vacua in string theory. In the former picture, they arise as NH geometries of membrane intersections, whereas in the latter one they are obtained as vacua supported by fluxes threading cycles of a given compact manifold. Our take-home message would be that viewing AdS vacua as the NH limit of membranes is not merely a technical trick, but rather a physical statement and, as such, it may be used to analyze the stability of all AdS vacua.
We started out by reviewing the instability arguments for the 4D extremal RN black hole, which were already used in the GR literature to conclude the instability of the AdS 2 ×S 2 NH geometry. It may be worth highlighting that, while the AdS 2 instability at the horizon has a perturbative nature, the instability of the black hole geometry in itself is non-perturbative and possibly related to Schwinger pair production, as proposed long ago in [15] . Note that all of these arguments crucially make use of the presence of charged matter coupled to geometry.
We then moved on to higher-dimensional generalizations of the RN black hole construction underlying the AdS 2 vacuum of the Einstein-Maxwell theory. A collection of interesting examples of AdS string vacua constructed from branes can be found in [5] . The important feature of these models is that all branes that source fluxes in internal space reduce to a BPS DW giving rise to the AdS vacuum in the NH limit, while extra spacetime-filling branes generically need to be added for tadpole cancellation to work. We do not know how to properly take the backreaction of these branes on the background into account.
Nevertheless, we have followed the lines of [2] to motivate a universal mechanism for supersymmetry breaking. Based on this, the only difference between a supersymmetric and a non-supersymmetric configuration in the brane picture consists in realizing the tadpole produced by the non-spacetime-filling branes in terms of pure spacetime-filling branes rather than branes & anti-branes at the same time. In such a context, the universal channel of perturbative instability is expected within the open string sector and corresponds to the tachyon responsible for brane/anti-brane annihilation.
Note that, in general, this tachyon lies outside of the truncation to the pure closed string sector, which was recently discussed in [9] . Within such an effective description, specific examples of non-supersymmetric AdS vacua were discussed, which turn out to be even non-perturbatively stable. However, one needs to be very careful when embedding a concrete model within a proper UV complete description. This kind of truncation is actually inconsistent from the viewpoint of string theory [11] , since extended objects with open strings attached do belong to the spectrum of the theory.
Our conclusion is, therefore, that all non-supersymmetric AdS vacua suffer from this universal instability channel which relies on the crucial interaction between the closed and the open string sectors that is necessarily present in a quantum gravity regime. Due to this intrinsically quantum feature, it is generically very hard to compute these effects. Nevertheless, we propose a rather simple setting where the main features of this phenomenon can be captured within a classical though lower-dimensional theory retaining some of the stringy properties of the model. We hope to be able to test this proposal in concrete examples in the future [20] .
In line with [3] , we view the universal instabilities discussed here as an inevitable consequence of the WGC, but we expect none of this to occur in a supersymmetric case. However, it would be nice to further understand the relation to the recent work done in [4] , where even possible instabilities of supersymmetric AdS solutions are discussed. It still remains to clarify what all of this could mean for non-supersymmetric holographic constructions (see e.g. [2, 21] ). Interestingly, the holographic paradigm per se relies on a decoupling limit between open & closed strings where our results do not apply. This suggests that a full quantum gravity description might be irrelevant for holography, which then would be meaningful only in the decoupling limit. Alternatively, one could put one's hopes to N = 8 SUGR. If this theory is UV-complete all on its own, independent of string theory, it would be a candidate framework for non-supersymmetric holography without reservations.
The next very important step is to establish what the consequences are for constructions of dS. In particular, we believe there is a connection with the instabilities discussed in e.g. [22] (for a recent paper with references, see [23] ), which are of the same type as those relevant to the WGC. We hope to return to this in the near future. 
